Assemblies of hollow capillary tubes, termed "Kumakhov optics," can be used to control x rays for a large variety of applications. Measurements of x-ray transmission in polycapillary glass tubes were performed for the purpose of understanding their behavior in such devices. X-ray transmission was measured for straight, uniformly curved, and nonuniformly bent fibers. The data agree well with a computer simulation based on classical ray tracing.
I. INTRODUCTION
Lenses for visible light are made of a transparent material with an index of refraction substantially different than one. Such a material does not exist for x rays, so that conventional refractive optics are not possible. Optics based on diffraction and interference effects, such as multilayer mirrors, zone and phase plates, are available. ' However these optics are generally small in size and must be designed for a particular incident angle and energy, thus restricting their applicability for broadband divergent radiation. Grazing incidence optics depend on the phenomenon of total external reflection, but are restricted in their use because of their very small angular aperture, large size, or large focal length.' Total external reflection also allows x rays to be transmitted through single straight or tapered hollow glass tubes in a manner analogous to the transmission of visible light through fiber optics. 3 Recently, a new type of x-ray optic, based on an assembly of a large number of hollow capillary tubes brought together to form a "Kumakhov lens," was invented in Mosco~.~ Such assemblies can control x-ray beams, including collecting divergent radiation from a point source, collimating and focusing.5 X-ray optical systems created on this basis can collect divergent radiation from a point source over a solid angle as large as one radian. Currently, capillary optics can be operated from 1 to 60 keV, and this range is expected to be extended. In order to develop these optics for use in such technologies as x-ray lithography,6 medical imaging,7 crystallography' and astronomy, experience must be gained in the performance of glass polycapillaries in channeling x rays.' II. THEORY X-ray photons, with energies in the thousands of eV, have frequencies orders of magnitude larger than the plasma frequencies of materials, which are tens of eV. In this regime, the real part of the index of refraction of materials can be simply approximated" by where n is the index of refraction, E the dielectric constant of the material, w the photon frequency, and oP the plasma frequency of the material. The plasma frequency is given by Nq2 w*=-, me0 (2) where N is the electron density of the material and 4 and m are the electron charge and mass, respectively. Since W&O in Eq. ( 1) , the real part of the index of refraction for x rays is slightly less than unity. Therefore, x rays traveling in vacuum (or air) can be totally externally reflected from glass (or other material) surfaces. Snell's law yields:
(1) -sin(g-e,)=n sin(G), where 0, is the critical angle, measured from grazing incidence, for total external reflection. From Eq.
(1) the critical angle is (4) This is about 3 mrad for 10 keV photons in glass, and is inversely proportional to the x-ray energy. Grazing incidence x rays can thus be channeled down hollow capillaries in a matter analogous to the transmission of visible light in solid fiber optics. Kumakhov capillary optics consist of large arrays of capillaries designed, for example, to collect radiation from a large solid angle over a broad energy range and redirect the radiation to a focused or a partially collimated beam. The x rays can be transmitted in a curved fiber as long as the angle of incidence is less than the critical angle. This requires that, as shown in Fig. 1 ,
where R is the bending radius of the fiber and d the fiber diameter. Thus, dividing by (R +d) , and using small quantity approximations,
So the angle of incidence (which must be less than the critical angle) is The fibers used in this experiment were boro-silicate glass polycapillaries, a cross-sectional micrograph of which is shown in Fig. 2 The x-ray generator is a micro-focus transmission solid state source with copper target operated at 20 kV and 15 yA. The total x-ray power is in the microwatt range. Most of the intensity is at the K, peak at 8 keV and the Kg peak at 9 keV. The Bremsstrahlung extends to 20 keV, although the intensity is too low above 18 keV to be useful for measurements.
C. Straight fiber transmission measurements
A schematic diagram of the arrangement for straight fibers is shown in Fig. 3 . The fiber was held straight by a finely machined groove in a metal plate. The source to fiber distance could be changed by moving the fiber along the source-detector axis without disturbing the detector. By moving only the fiber the distance between source and detector and therefore the absorption in air was constant while the source-fiber distance was variable. If the fiber is sufficiently long so that most of the x rays have undergone at least one reflection, then the divergence of the beam at the exit of the fiber must be less than twice. the critical angle, i.e., less than 10 mrad. The maximum fiber-detector distance could therefore be larger than 50 cm and still have the entire exiting beam intercepted by the lithium-drifted silicon detector, which had an active diameter of 6 mm. The source was moved in the two directions perpendicular to the fiber to achieve the best alignment. To ensure that all x rays hitting the detector passed through the fiber, a lead plate with a small hole was placed at the end of the fiber nearest the source. Metal powder was used to block any remaining opening. The metal powder was a mixture of lead and iron, with some methanol dropped on the powder to hold the particles closer together. An aluminum filter was employed between the fiber and detector to suppress the lower energy radiation and thus to avoid dead time problems in the detector system. All of the measurements described in this article were obtained for a small energy window centered on the 8 keV copper K, peak.
The presence of the higher energy Bremsstrahlung from the source allowed for an alignment trick. The sharp 
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Distance from optimum alignment . decrease in the cross section for absorption by the aluminum filter for higher energies results in fewer counts in the region of the K, and KS peaks (8-9 keV) without substantially affecting the higher energy Bremsstrahlung. At optimum alignment the intensity at the K peaks and at the maximum of the Bremsstrahlung are about the same. If the source is displaced from optimum alignment the transmission decreases much faster for higher energies than for lower energies due to the smaller critical angle at higher energies. Thus, as shown in Fig. 4 , the ratio of the intensity at low energies to the intensity at high energies shows a significant decrease for good alignment, and can be used to verity optimal source to fiber positioning. Also, if the x rays have passed around rather than through the fiber, this change in relative intensity at different x-ray energies as a function of source position would not be observed.
a fiber, was measured at less than one count per second. This natural background was as high as when the source is off as when the source was on.
F. Bent fibers
Cubic bending
The easiest setup for bending is a one point bending mechanism shown in Fig. 5 . The bending was done by holding one end of the fiber fixed and pushing the other end of the fiber with a screw to bend the fiber in the horizontal plane. The shape of the bending is given by setting the approximate local curvature proportional to the bending moment,
To calculate the transmission of the fiber, it is necessary to determine the intensity of x rays arriving at the entrance of the 'fiber. For this purpose, the fiber and grooved plate were removed, leaving only the filters in place, and a small collimator was placed in front of the detector. By measuring the x rays passing through the collimator the intensity per solid angle was calculated. Again the source-detector distance was the same as for the fiber measurement to include the absorption in air. From the intensity per solid angle the intensity at the entrance end of the fiber was computed. This intensity divided by the intensity at the exit of the fiber is given as the transmission.
Thus the shape of the curve is cubic rather than circular, where L is the length of the fiber, x a variable along the fiber, y the transverse displacement at that point on the fiber, and h the transverse displacement of the end (the total displacement of the micrometer screw). The bend radius is not constant, but varies linearly along the fiber. The angular deflection of the beam is given by tan(a) =; .
Circular bending
To obtain measurements on a fiber with a constant radius of curvature, a technique, shown in Fig. 6 , was developed to obtain nearly circular bending. Here the fiber end next to the source was attached to the metal plate as for cubic bending. The end next to the detector was affixed to a nut which rotated freely in the first threads of a screw. This screw is connected to two micrometers with motion parallel and perpendicular to the straight fiber. First the straight transmission of the individual fiber was measured as in Sec. III C with the grooved plate. Then the fiber was attached to the bending mechanism and the alignment corrected until the transmission reached that of grooved plate measurement. Finally the two micrometers were moved simultaneously to bend the fiber. The nut turns without restricting the direction the fiber points. The required motion of the two micrometers is given by Ay=R[ 1-cos(L/R)] (12) for the perpendicular screw, and
for the parallel screw, where R is the bending radius and L the length of the fiber. 
IV. COMPUTER SlMULATlONS
The simulations use geometric ray tracing in a manner similar to GUIDE, a program which has been in use in the high energy community for over a decade. The calculations assume a rajz randomly emerging from the source and entering the fiber at a random angle. For the straight fiber transmission simulations, a source size of 10 pm was used. This is smaller than the actual size of about 100 pm, but changing the source size in selected simulations did not change the result. As the photon progresses through the channel, the distance to the next ray-wall interaction is found by successive approximation, starting with a distance equal to the length of the fiber, then taking one half of the old value if the point is outside the fiber or increasing the value by a half if the point is inside, until the point is arbitrarily close to the fiber wall. The shape of the fiber wall was taken as a slightly rounded hexagon, given by r(0)=r,,- [[p(r~n--r,,) sin(30)I, (14) where r( 0) for O=O to 2?r describes the wall position, r,, is the maximum radius of the wall, and p is a constant. The wall shape is shown in Fig. 7 . This shape avoids the anomalies which appear in a simulation at the sharp corners of a true hexagon. The actual glass channels have rounded corners. Once a wall intersection point is found, the ray is moved to this point and the reflected ray calculated. The probability of transmission along the channel is reduced by multiplying by the reflectivity at each bounce. The reflectivity depends on the material of the fiber and the angle at which the ray is incident on the fiber wall. The material properties are described by the index of refraction of the glass which was given as
where 6=3 This function is shown in Fig. 8 for two different x-ray photon energies. As can be seen, the critical angle for total external reflection, 8,, which is given by o,= J6, ' is larger for the lower energies, but the roll-off at angles below the critical angle is also greater, due to the larger absorption (p) . Thus the reflectivity can actually be higher at some angles for the high energy than the low energy
photons. In these simulations the walls are assumed to be perfectly smooth as reasonable agreement with experiment was achieved without including the effects of surface roughness. Simulations for bent fibers employed a similar technique. In this case a transformation to two dimensions is used to increase calculation efficiency. In three dimensions, the position of a photon evolves as x=xo+ct cos a, Y =yo + ct cos P, (18) z=zo+ct cos s, where a, P, S are the angles of the photon trajectory to the X, y, and z axes, respectively. To track the motion of the photon with respect to the cross section of the tube the following coordinate transformations, as shown in Fig. 9 
23=--y2
This yields the primed coordinate system which gives the photon position with respect to the center of the tube,
To first order in small quantities, [a,fi,(ydR) ], this gives
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where vti= c cos a, vfl =c cos fi, and vzo=c cos 6. Thus the photon appears to move in a pseudo-gravitational "ac- celeration" caused by the tube bending. In the simulation the photon is stepped along by short time increments until it strikes a wall. The transmission efficiency is then calculated as for the straight fiber. The bent fiber simulations assume circular channel cross section.
Computer simulations of transmission efficiency for a fiber subjected to varying amounts of one-point (cubic) bending are shown in Fig. 10 along with actual measured values. There were no adjustable parameters in the computer simulations. The agreement between the data and the simulations is quite good, particularly in the region where the transmission is high enough ( > 10%) for the bent fiber to be practically useful. This justifies the use of this simple classical model for x-ray transmission for predicting the behavior of capillary optics in this regime where the capillary opening is much larger than the transverse wavelength.
V. RESULTS
A. Variation of the source-fiber distance As shown in Fig. 11 , increasing the source fiber distance in the straight fiber apparatus at first causes the transmission efficiency to increase with the square of the distance while the intensity remains constant. Beyond a critical distance the transmission increases very slowly and the intensity drops with the inverse of the distance squared. If the fiber is close to the source the rays hit the outer channels at angles larger than the critical angle, so that the outer channels do not contribute to the transmission. The transmitting area of the fiber therefore increases with the square of the source-fiber distance. Once all channels of the fiber have begun to transmit only a small increase in transmission with increased source distance is observable. This increase is due to the larger reflectivity for smaller incident angles even below the critical angle. For very long distances the transmission approaches a maximum which is determined by the open area and the quality of the fiber. This measurement is useful for two kinds of quality checks.
First, the maximum transmission can be measured by using very long source-fiber distances. Second, any variation in quality of the channels as a function of distance from the center would be seen as steps in the transmission -versus source distance plot. This experience with single fiber transmission as a function of source distance leads to the conclusion, that for a point source, the optimum sourceto-lens distance for a collimating lens would be around r/e,, where I is the fiber outer radius and 0, is the critical angle for total external reflection at the desired energy. However, this may need to be modified to take into account the reduced transmission for bent fibers on the outer edges ,of a short focal length lens. The absolute intensity (rather than transmission efficiency) at the end of the fiber is unchanged with source distance until the critical distance is reached. It is constant because the decrease in intensity radiated by a point source, given by 1/R2, is compensated by the increase in transmission area with R2. For distances longer than the critical distance the intensity decreases with 1/R2. The statistical error is larger for long source fiber distances, due to the smaller number of counts registered by the detector. Other errors, for example, those in the computed solid angle captured by the fiber, decrease. But this decrease is smaller than the increase due to the poorer statistics, as can be seen by the increased scatter for the points at large distances.
The computer simulation, shown as the solid line in Fig. 11 , fits the measurement well. The only adjustable parameter was the maximum transmission or effective open area of the capillary. This was set to 55%, which is clearly an upper limit to the transmission. This is smaller than the optical estimate of open area, presumably due to blocked channels.
B. Bending
As shown in Fig. 12 , the transmission for circular bending is higher than for cubic bending at the same angular deflection of the beam. To get 50% of the transmis- sion of a straight fiber the beam can be deflected by about 7" for the circular bending and only about 4" for parabolic bending. This is due to the larger curvature for the parabolic case. For circular bending the curvature is constant
where a: is the angular deflection and L is the length of the fiber. For parabolic bending the curvature increases over the length of the fiber, with a maximum of VI. CONCLUSION
The polycapillary borosilicate fibers tested transmitted up to 55% of the incident x-ray radiation over a distance of 20 cm. Transmission through bent fibers can also be quite high, 50% of the straight fiber value for a deflection of 7" rad (0.12 rad). Because the maximum angular deflection per reflection is twice the critical angle, deflection of 7 requires at least 38 reflections. This yields a minimum reflectivity of more than 98%. A kell controlled bending shape is very important to achieve high transmission. The plot of the intensity versus angular deflection shows that changing the bend shape from cubic to circular doubled the transmission at the 7" deflection. For circular bending, reasonable transmission can also be achieved for quite large deflection angles: more than 10% of the straight fiber value at deflections up to 13q which is 55 times the critical angle at 8 keV.
